Microalgae with high oil productivities are most desired in biodiesel production. Chlorella lewinii SUB3545914, was isolated and assessed for its growth rates, lipid productivities and fatty acid profiles under heterotrophic cultivation. The alga was isolated after enrichment in BG-11 medium (pH = 7.3) under a light intensity of approximately 17.5 µE·m ) in glycerol supplemented media were more than those got under autotrophic cultivation. Chlorophyll contents did not vary remarkably in heterotrophic cultures. The major fatty acids obtained by Gas Chromatography Mass Spectrometry (GC-MS) were oleic and Octadecanoic acids for all the culture conditions. Chlorella lewinii is appropriate for accumulating lipids for biodiesel under heterotrophic cultivation on glucose because of high lipid volumetric productivities.
Introduction
The demand for petroleum products is increasing because of the rising world population and industrialization. Although petro-diesel is currently cheaper than biodiesel, the interest in the development of technologies for the production of biodiesel has been on the increase due to its production from renewable biological sources. It is ecologically friendly, releasing comparatively very little carbon monoxide, much less hydrocarbons particulate matter (HPM) and no sulfur and aromatic compounds to the environment during combustion [1] . In addition, it is biodegradable, non-toxic and safe to handle. The problems with the use of fossil fuels include non-renewability, non-sustainability, an unpredictability of global prices and various environmental problems associated with their drilling, transportation, and ultimate use.
Feedstock from biomasses is robustly being exploited for possible substitution of the ecologically non-friendly fossilized resources. Consequently, vegetable oils have been the key candidate in this pursuit. A major demerit of the use of this oil is that biodiesel produced from vegetable oils is usually expensive. In addition, they contain high proportions of undesirable free fatty acids (FFA) that constitute serious conversion problems during transesterification [2] . Besides, the use of vegetable oil as feedstock for fuel has been controversial because of the possible effects on food security. Chisti [3] had revealed that microalgae are the best candidates for lipid and biodiesel production. Griffith and Harrison [4] added that lipid productivity plays the most crucial role in biodiesel production. Consequently, isolation of a good oil-producing species is critical in biodiesel production.
Microalgae with high oil productivities are most desired in biodiesel production. The obvious reasons for use of microalgae include fast growth rate [5] and high oil contents [6] . Besides, land usage by microalgae is smaller when compared with the requirements of conventional crops [7] and microalgae have a high carbon sequestration rate [8] . They can also grow on marginal lands not suitable for the growth of conventional crops. However, the major challenge which questions the feasibility of use of microalgae for biodiesel production is the lipid volumetric productivities [4] and the lipid class. Microalgae cultures have been previously assessed with a view to finding the optimum conditions for growth and lipid accumulation. Some of these reports [9] [10] showed that the mode of cultivation (including autotrophic, mixotrophic or heterotrophic) has significant effects on cell growth, lipid contents and lipid productivities. Xu et al. [9] and Azama et al. [11] showed that heterotrophic cultures produce more biomass than their photoautotrophic counterparts.
Besides, some heterotrophically cultivated microalgae produce higher oils than their photoautotrophic counterparts [9] [12] [13] [14] [15] . Consequently, heterotrophic microalgal cultivation could offer a better prospect for biodiesel production. In a scenario where the biomass and oil contents of microalgae are high as imagined above, lipid productivity will consequently be high. This, in I. O. Ogbonna, J. C. Ogbonna turn, will lead to increase in biodiesel production since oil productivity is a function of biomass productivities and oil contents. Oil productivity of 179 mg·L −1 ·d −1 obtained in phototrophic cultures was regarded to be a very high achievement [16] . Some authors, however, obtained much high oil productivity in heterotrophic cultures than was done in the photoautotrophic conditions [9] [17] [18] [19] [20] . Microalgal optimal production systems have been under research pressures because technically speaking industrial scale production of biodiesel has been saddled with enough challenges. These bottlenecks do not exclude the economic non-feasibility of biodiesel production system when compared with the fossil fuel production system.
The study investigated the oil producing potential of a novel microalgaChlorella lewinii SUB3545914.
Materials and Methods

The Microalga and Culture Conditions
The microalga, Chlorella lewinii was isolated from a fresh water body in North East Nigeria [21] . The water sample was enriched by photoautotrophic cultivation in a transparent Roux bottle containing BG-11 medium. It was incubated at a light intensity of about 17.5 µE·m ). Prior to the addition of glucose or glycerol, the initial medium pH was adjusted to 7.3 using dilute Sodium hydroxide (NaOH) and Hydrochloric acid (HCl) solutions. The cultivation was done in 2000 mL dark colored Teflon plastic bottles containing 1000 mL of the medium [21] . A seed culture (algal culture for inoculation) was obtained by inoculating a BG-11 medium supplemented with 10 g·L −1 of glucose or 10 mL·L −1 of glycerol, followed by incubation for 7 days in the dark. This seed culture (150 mL) was used to inoculate 1000 mL of the main culture. The cultures were incubated at room temperature (30˚C ± 2˚C) in the dark for 12 days. All the cultures were shaken twice a day in a Gallenkamp orbital shaker (Gallenkamp Ltd, United Kingdom) at 120 revolutions per minute (rpm) for three minutes. For the analyses of biomass, chlorophyll, and lipids, 10 mL sample each was taken every 2 days and analyzed. All experiments were done in triplicates and the results presented as means ± the standard deviation.
DNA Extraction
The algal culture broth sample was centrifuged at 14,000 revolutions per minute (rpm) for 10 min in a micro-centrifuge (Eppendorf TM 5424 Micro-centrifuge).
This was washed 3 times using 1 mL of ultra-pure water with another centrifu- ). This was followed by the addition of 750 µL of lysis solution. The bead containing the solution was added to the bead beater which had a 2 mL tube holder fitted to it. This was spun at 12,000 rpm for 5 min according to the method reported by Ogbulie and Nwaokorie [22] . The lysis tube was centrifuged (10,000 rpm for 1 min) and a 400 µL of the supernatant was pipetted into a Spin Filter (Zymo-Spin TM IV) in a collection tube and centrifuged (7000 rpm for 1 min).Thereafter, 1200 µL of soil DNA binding buffer was added into the filtrate tubeas reported by Ogbulie and Nwaokorie [22] . This was followed by the addition of 800 µL of the mixture into a column (Zymo-Spin TM IIC) in a collection tube and centrifuged (10,000 rpm for 1 min). The flow through was discarded from the collection tube and the process was repeated to obtain the remaining products. The 200 µL DNA pre-wash buffer was added into the column (Zymo-Spin TM IIC) in a new collection tube and centrifuged (10,000 rpm for 1 min). This was followed by the addition of 500 µL of soil DNA wash buffer into the column (Zymo-Spin TM IIC) and was centrifuged (10,000 rpm for 1 min). The column (Zymo-Spin TM IIC) was transferred into a clean 1.5 mL micro-centrifuge tube and 100 µL of DNA ElutionBuffer was then added directly to the column matrix. This was centrifuged at 10,000 rpm for 30 s to elute the DNA. The ultrapure resulting filtrate (DNA) obtained was used as a template during the assay. This was transported in ice for the laboratory sequencing.
DNA Amplification and Sequencing
Identification of the isolate utilised18SrRNA sequencing with ITS-1 and ITS-4 as universal primers. The primer sequences were 18S forward-'TTTCTGCCCTATCAACTTTCGATG' 18S reverse-'TACAAAGGGCAGGGACGTAAT' ITS-1 TCCGTAGGTGAACCTGCG G ITS-4 TCCTCCGCT TAT TGA TAT GC Sequencing was done by Sanger dideoxy sequencing method (Sanger Sequencer TM 3730/3730XL) DNA Analyzers. The result was analyzed by direct blasting on http://blast.ncbi.nlm.nih.gov. The BLAST results show top hits with minimum E-score (0.0) and 95% -100% identical similarities were used to identify the alga.
Determination of Biomass Concentration
Biomass concentrations were measured at a two-day interval until a stationary phase was reached, and the specific growth rate (µ) was calculated as according to Liang et al. [23] in Equation (1).
where N t = cell density at a time (t) and N 0 = cell density at the start of the exponential phase (t 0 ).
Determination of Cell Dry Weight
A 10 mL sample of the culture broth was centrifuged (3000 X g for 20 min) and the pellets washed three times by further centrifugation (3000 X g for 10 min) using sterile deionized water. The weight of the wash (W 1 ) was recorded, followed by drying in an air oven (70˚C) for 6 -8 h until a constant weight was obtained and then re-weighed (W 2 ).
where: w 2 = weight of filter paper and dried cells (g) w 1 = weight of filter paper (g) v = volume of culture (mL)
Chlorophyll Extraction and Quantification
Methanol and water were used to extract chlorophyll using the method of Becker [24] . Algal pellets obtained from the centrifugation of 10 mL algal suspension at 3000 rpm (for 30 min) was used to determine the chlorophyll (Chl) content. The pellet was suspended in 3 mL of methanol and boiled in a water bath for 5 min.
This was allowed to cool to room temperature and was subsequently made up to 
Chlorophyll mg L 16.
Chlorophyll mg L 33.8 12.5
Determination of Lipid Contents
The lipid content of the microalga was extracted from the dry cell mass using the protocol of Bligh and Dyer [25] . Methanol, chloroform, and water were used for the extraction. The extracted oil was left in a vial of known weight in a water bath (55˚C) under constant nitrogen supply to evaporate the chloroform. Lipid productivity was derived from an equation from Griffiths and Harrison [4] and was expressed in g·L
Total algae biomass lipid content % Lipid productivity g L d Working volume Cultivation time
Determination of Fatty Acid Contents and Composition
Fatty acid content of the algal oil was determined by gas chromatography mass spectrometry (GC-MS) (Shimadzu, Japan, Model GCMS-QP 2010 Plus) [21] [26] [27].
Statistics
The data generated from the research were analyzed using Statistical Package for Social Sciences (SPSS) version 16.0. One way analysis of variance and other descriptive statistics were employed.
Results
Identification of the Microalga
Microscopic examination of the isolate showed that it has an oval to circular unicellular structure appearing singly except for dividing cells that appeared 
Effects of Glucose Concentration on Growth and Lipid Contents of Chlorella lewinii SUB3545914
The effects of glucose concentration as the sole carbon source on the growth and lipid contents of Chlorella lewinii are presented in Figure 1 . There seemed to be a direct relationship between glucose concentration and the final biomass con- . The highest lipid content (44%) was obtained in medium supplemented with 4% glucose (Figure 1 ). There was no statistically significant difference (p < 0.05) in the lipid concentration at the exponential and stationary growth phases in the media with 2% and 4% glucose. The maximum chlorophyll a + b contents obtained in this study ranged from 3.30 ± 0.03 to 5.50 ± 0.04 mg·g −1 cell ( ) was obtained in the heterotrophic culture with 4% glucose. Biomass yield was inversely proportional to the medium glucose concentration with a range of 0.079 to 0.204. In the entire test parameters, the growth of the alga in BG-11 medium with 1% glucose supplement produced the lowest biomass concentration and lipid productivity-however; it had the highest biomass and lipid yields.
Effects of Glycerol Concentration on Growth and Lipid Contents of Chlorella lewinii SUB3545914
The glycerol concentration that supported the highest cell growth was 0. . Biomass productivity and chlorophyll contents showed no statistically significant (p < 0.05) variation with glycerol concentration (Table 3 ). The lipid productivity was highest (47.21 ± 2.08 mgL
) in the culture with 0.1% glycerol whereas lipid yield was highest when the medium glycerol concentration was lowest.
Comparison of Phototrophic and Heterotrophic Cultivation of Chlorella lewinii SUB3545914
Comparison of the maximum cell growth and lipid production under photoautotrophic and heterotrophic cultivation of Chlorella lewinii is presented in Table   4 . The biomass concentrations obtained in heterotrophic cultures with glucose (Table 4) . It is important to note that the lipid contents and lipid productivities in heterotrophic cultures with glucose were 2.6 and 5.5 times higher than the values obtained in photoautotrophic culture (Table 4) .
Comparison of chemical composition of the oils from Chlorella lewinii-SUB3545914 under different growth conditions showed that major fatty acid obtained was oleic acid (C18:1) for all the culture methods. Other fatty acids were myristic acid (C14:0), stearic acid (C18:0) and linoleic acid (C18:3). Over 70% of the fatty acids were oleic and stearic acids.
Discussion
This work has demonstrated, for the first time, that Chlorella lewinii 
Heterotrophic Cultivation of Chlorella lewinii SUB3545914 on Glucose as a Carbon Source
The microalga demonstrated the ability to grow in BG-11 medium supple- . Even though this direct relationship exists, increasing the medium glucose will influence the cost of the final product. Liang et al. [31] had previously observed that glucose utilisation by microalgae is dose-dependent, and particularly the microalga Chlorella protothecoides showed that certain concentrations of medium glucose in mixotrophic culture condition may improve growth whereas increased glucose in the medium to up to 10% became inhibitory to the algal growth.
Although microalgal heterotrophic growth is found to be dependent on glucose concentration [31] , the present study showed that the optimum concentration may not be dependent on the stage of growth. This could be attributed to the physiological behavior of the cells and such behavior had previously been reported [17] . The implication of this is that planned or targeted harvesting is necessary to achieve maximal output taking cognizance of the stage of product formation. The maximum biomass density of Chlorella lewinii (3.15 g·L
) obtained in the present study was high enough as the condition was not optimized.
Future work requiring optimization of the process could yield much higher biomass and is therefore, hereby recommended. Relating this to previous work, Liang et al. [31] reported lower biomass yields for a related species of the organism. In a related microalga (Scenedesmus quadricauda), Zhao et al. [32] showed that the level of medium glucose had a significant influence on the growth.
The highest lipid content of Chlorella lewinii was obtained in culture supplemented with the highest medium glucose, presupposing that lipid accumulation is also dependent on the medium glucose dosage. This aspect is very important because for glucose requirement to be high, the cost of production will also be proportionately high. This may have direct effect on the final product and could defeat the aim of lipid production and microalgal biodiesel production feasibility, which is linked to cost. Previous report by Zhao et al. [32] showed that the lipid content of S. quadricauda cultured in media containing varying levels of glucose did not follow the same pattern of lipid yields as presented in this study.
Heterotrophic Cultivation of Chlorella lewinii SUB3545914 on Glycerol as a Carbon Source
Chlorella lewinii was also able to grow and accumulate lipids in media containing different concentrations of glycerol. In the present study, the growth of Chlorella lewinii showed a somewhat inverse relationship with the initial medium glycerol concentration. This indicates a probable positive event since large volume would not be needed in order to achieve high biomass. Studies on glycerol utilisation by microalgae for lipid accumulations have been documented [19] [31] [33] . Liang et al. [31] reported that, for Chlorella protothecoides, growth was higher in a medium containing 2% glycerol which was not supported by the present study. Chen and Walker [19] reported a cell dry weight much higher than those obtained in the present report for a lipid-producing Chlorella protothecoides. A follow-up to this work should include optimization of the growth conditions for maximal results.
The maximum observable lipid accumulated by Chlorella lewinii was at highest medium glycerol concentration, indicating a direct albeit subtle relationship between medium glycerol and lipid content. This observation supports the report of Liang et al. [31] for Chlorella protothecoides. The maximum lipid content of 34% obtained in glycerol medium is lower than 53% reported by Chen and Walker [19] for Chlorella protothecoides. The Chlorella strain and the cultivation conditions, including the reactor design and the fluid rheology could account for the different biomass and lipids concentrations obtained by various researchers.
The demonstration that Chlorella lewinii could utilize glycerol for growth and lipid accumulation is important since glycerol is a by-product of biodiesel production. Consequently, the alga could be used to mop up the glycerol generated as waste during biodiesel production, enabling the system to auto-recycle its waste product. The values obtained for maximum biomass and lipid productivities in the present study were higher in glucose medium than in glycerol medium. However, it might be more economical to use crude glycerol from biodiesel plants rather than procure glucose.
Under heterotrophic cultivation, biomass concentrations were higher for both glucose and glycerol-supplemented media than those obtained in photoautotrophic cultures. This supports the argument that heterotrophic cultures yield more biomass than their autotrophic counterparts [9] [15] . Another major advantage of heterotrophic cultures over the photoautotrophic culture is that it is simpler and cheaper to construct and operate large scale heterotrophic reactors than photobioreactors since light supply and distribution is a big constraint in photobioreactor design and scale up [35] .
However, the identification of cheap and easily available carbon sources is a major challenge in making the heterotrophic production of biodiesel oil and other high-volume, low-price products economically viable. To this end, for the use of wastewater that contains significantly high carbon sources that can be utilized by oleaginous microorganisms is a very viable alternative. Although the present study has supported the previous ones that heterotrophic cultures yield more biomass and lipids, yet there is another very significant bottleneck associated with heterotrophic cultivation. Contamination is a big challenge and has to be addressed strictly in any heterotrophic culture design.
Oleic acid (C18:1) obtained as the major fatty acid in the present study is an indicator of the quality of a good biodiesel. Oleic acid [mono-unsaturated fatty acid (MUFA)] along with stearic (Octadecanoic) and linoleic acids are the most common fatty acids associated with biodiesel [36] . Biodiesel production using fungi as feedstock had been demonstrated [37] . However, compared with fungi, lipid productivities by microalgae are much higher. In terms of the biodiesel properties, this study presents no remarkable difference in quality owing to cultivation using glucose or glycerol as the substrate.
Conclusion
This work has demonstrated, for the first time, that Chlorella lewinii SUB3545914 is capable of growing under heterotrophic cultures using both glucose and glycerol as the carbon sources. The biomass concentrations obtained in heterotrophic cultures with glucose (3.15 ± 0.13 g·L −1 ) and glycerol (2.03 ± 0.68 g·L −1 ) were respectively 5.5 and 2.2-folds higher than the values obtained in photoautotrophic cultures but the chlorophyll contents of the alga under photoautotrophic culture conditions were 7 times more than the values obtained in heterotrophic cultures. Lipid productivity in heterotrophic culture with glucose was 5.5 times higher than the value obtained in photoautotrophic culture. Consequently, heterotrophic cultivation on glucose was the best culture method for mass cultivation of Chlorella lewini and lipid accumulation.
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